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a  b  s  t  r  a  c  t
Fe3O4 satellite  gold  nanoparticles  (Fe3O4@Au)  have  proved  to be  very  useful  in biomedical  and  technolog-
ical  applications  because  of  their  unique  optical,  magnetic,  and  catalytic  properties.  The  electrocatalytic
properties  of  Fe3O4@Au  nanoparticles  enable  them  to be  used  as  mediator  agents  during  the  redox
of  electroactive  species.  In this  study,  Fe3O4@Au  were  synthesized  in  the  presence  of  generation  four
polyamidoamine  (PAMAM  G4). The  Fe3O4@Au  nanoparticles  were  immobilized  by  layer-by-layer  (LbL)
technique  to develop  dopamine  sensors  by  alternately  depositing  layers  of  Fe3O4@Au nanoparticles  and
poly(vinyl  sulfonic  acid)  as  polyanionic  polymer  onto  an  indium  tin  oxide  electrode.  The  electrochemical
performances  of the  indium  tin  oxide/poly(vinyl  sulfonic  acid)  and  indium  tin  oxide/gold  nanoparti-
cle/poly(vinyl  sulfonic  acid)  electrodes  were  also  investigated  for  comparison.  The  modiﬁed  electrodes
were  characterized  using  ultraviolet–vis  absorption  spectroscopy,  Fourier  transform  infrared  spec-
troscopy,  X-ray  diffraction  and  cyclic  voltammetry.  The  electrocatalytic  properties  of  the iron  oxide/gold
nanoparticles  conﬁgured  throughout  the  indium  tin  oxide-iron  oxide/gold/poly(vinyl  sulfonic  acid)  archi-
tecture  promoted  a dopamine  oxidation  process  at a potential  of  0.30  V, which  is  lower  compared  with
those  observed  for the  other  sensors.  The  dopamine  sensor  provided  linear  responses  to  dopamine  in
the  4–100  M range  with  detection  limit  and  quantiﬁcation  values  as  3.94  × 10−8 M and  15.5  ×  10−8 M,
respectively.  Furthermore,  the  main  interferents  to  dopamine  detection  were  ascorbic  and  uric acids,
whose  cyclic  voltammograms  showed  oxidation  peaks  that,  were  displaced  by 0.2  and  0.39  V  in  their
respective  binary  mixtures  with  dopamine.  The  immobilized  iron  oxide/gold  nanoparticles  in the  layer-
by-layer-fabricated  ﬁlms  exhibited  an  efﬁcient  electron  transfer,  which  could  be useful  when  such  ﬁlms
are  combined  with  other  conjugated  materials  to detect  electroactive  species  that  are  highly  relevant  in
medical  applications.
©  2014  Elsevier  B.V.  All  rights  reserved.
1. Introduction
Neurotransmitter detection is of utmost importance for health
and safety reasons. Dopamine (DA) is one of the most important
catecholamines, which plays a relevant role in the functions of
the central nervous, renal, hormonal, and cardiovascular systems
[1–3]. Physiological processes leading to pathological conditions
such as Parkinson’s disease [4], schizophrenia [5,6], epilepsy [7],
senile dementia [8], HIV infection [9], and cardiac arrhythmia
[10] can occur when DA levels drastically change. Electrochemi-
cal methods have conventionally been used to investigate the roles
of neurotransmitters because of their electroactivity. Moreover,
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these methods offer high sensitivity, fast response, and simplic-
ity in detecting those compounds. However, it is important to note
that despite the extensive use of electrochemical methods of detec-
ting DA, it directly oxidizes at a potential close to those at which
ascorbic acid (AA) and uric acid (AU) oxidize, which can result in
binary detection and therefore obscure the true concentration of
DA in the blood. Nonetheless, the working electrodes used in the
conventional electrochemical methods of detecting DA are affected
by the accumulation of the oxidation products of DA, AA, and AU,
which result in poor selectivity and reproducibility [11,12].
Various methods of modifying electrodes are used to improve
the sensitivity and selectivity of the electrodes in order to miti-
gate the inherent disadvantages of electrochemical detection of DA.
Sensors and biosensors have the potential to shorten the time span
between sample uptake and results generation, especially when
such devices are combined with nanomaterials; for instance, as
with microﬂuidic systems [13], sol–gel-material-based electrodes
http://dx.doi.org/10.1016/j.snb.2014.03.079
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[14], Langmuir–Blodgett ﬁlms [15], enzymeless biosensors [16],
enzymatic systems and/or layer-by-layer-fabricated sensors [17].
Layer-by-layer (LbL) fabrication is a cost-effective method of fab-
ricating highly sensitive nanosensors, which are convenient for
electrochemically detecting DA. LbL fabrication is based on elec-
trostatic interactions [18], and it offers numerous advantages in
fabricating nanosensors: LbL fabrication is easy to use, can be used
with a wide variety of materials or to precisely control the compo-
sition and thickness of deposited layers [19].
Nanomaterials have been used to design LbL-fabricated sensors
since such materials exhibit interesting properties for a wide range
of applications including catalysis, optical devices, microelectronic
devices, and chemical/biological sensors [20]. The properties of
core@shell-based nanoparticles have attracted considerable atten-
tion [21,22]. In particular, the surface of Fe3O4@Au NPs provides
enhanced chemical stability [23], and the biocompatibility and
optical, magnetic, and catalytic properties of the surface can be
readily ﬁne-tuned [24]. Fe3O4@Au NPs have many potential appli-
cations in ﬁelds such as electrocatalysis [25], immunoassays [26],
diagnosis [27], photothermal and magnetic thermal therapies [28],
biomolecule separation, sensing, and biosensing [17,29].
Herein we used the electrocatalytic properties of the Fe3O4@Au
NPs combined in a LbL ﬁlm to improve DA oxidation. LbL fabrication
was used to deposit the nanoparticles onto indium tin oxide (ITO)
substrates, and Fe3O4@Au  and poly(vinylsulfonic acid, sodium salt)
(PVS) were used as polycationic and anionic species, respectively.
We studied different conﬁgurations in the immobilization of this
system and we found for electrochemical measurements a better
behavior in ﬁlms containing ﬁve bilayers (Fe3O4@Au/PVS)5 con-
ﬁguration. Similar conﬁgurations with only Fe3O4 or AuNPs; i.e.,
ITO-(Fe3O4/PVS)5 and ITO-(Au NP/PVS)5, were fabricated for com-
parison. Cyclic voltammetry, differential pulse voltammetry (DPV),
Fourier transform infrared spectroscopy (FTIR), ultraviolet (UV)–vis
absorption spectroscopy, X-ray diffraction (XRD) and transmission
electron microscopy (TEM) were used to characterize the DA-
sensing ability of the LbL-fabricated ﬁlms. The selectivity of the
sensors was also investigated using known interferents such as AA
and UA.
2. Experimental
2.1. Reagents and solutions
Poly(vinylsulfonic acid, sodium salt) (PVS), generation 4
polyamidoamine (PAMAM G4) dendrimer, dopamine (DA) (3-
hydroxytyramine hydrochloride, C8H11NO2·HCl), ascorbic acid
(AA), and uric acid (UA) were purchased from Sigma-Aldrich (São
Paulo, Brazil). All the solutions were prepared using ultrapure water
(18.2 M cm)  produced using a Millipore Milli-Q system. Several
0.6-cm2 ITO electrodes whose resistances were 8–12  were pur-
chased from Delta Technologies (Loveland, CO).
2.2. Synthesis of Fe3O4@Au NPs
The Fe3O4 magnetic NPs were synthesized through coprecip-
itation [30]. The Fe3O4@Au NPs were subsequently prepared by
mixing equal volumes (5 mL)  of the Fe3O4 NPs (1.5 mg  mL−1) and
HAuCl4 (20 mM).  The mixture was maintained in an ultrasonic bath
for 30 min. Five milli-liter of PAMAM G4 (3.2 mg  mL−1) was  subse-
quently added to the mixture and the resulting mixture was then
sonicated for another 30 min. One milli-liter of the reducing agent
NaBH4 (1.0 mM)  was then added to the sonicated mixture. The sus-
pension changed from brown-yellow to reddish. The particles were
then centrifuged at 7000 rpm (Eppendorf 5415 R) for 7 min  and
were re-suspended in Milli-Q  water to eliminate the excess Au NPs.
2.3. NP characterization
TEM images of the NPs were obtained using a JEOL/JEM-2100
transmission electron microscope (200 kV). The samples were pre-
pared by depositing a drop of the aqueous suspension of NPs
onto a copper grid coated with a 300-mesh carbon thin ﬁlm (Ted
Pella, Inc.). Dynamic light-scattering (DLS) measurements were
performed using a Malvern Nano-ZS spectrometer (Malvern Instru-
ments, UK) at 25 ◦C. UV–vis absorption spectra were recorded using
either a 1-cm quartz cell or a glass substrate for the LbL-fabricated
ﬁlms on a Hitachi U–2900 spectrometer. The crystal structure of
the nanoparticles was also studied with X-ray powder diffraction
(XRD) in a Rigaku diffractometer RINT2000 with Cu K (1.5406 A˚)
radiation (Supplementary Information). The samples of Fe3O4 Nps
were lyophilized in the SC 200 spin-dry (Savant Speed Vac) and Au
Nps and Fe3O4@Au Nps were deposited in glass substrate by cast-
ing to avoid agglomeration. The data were collected from 2 = 5◦ to
90◦ at a scan rate of 0.02◦ per step and 5 s per point.
2.4. Multilayer ﬁlms fabrication
All the ITO electrodes were ultrasonically cleaned by immer-
sion for 2 min  into each of acetone, isopropyl alcohol, and Milli-Q
water. The PVS and Fe3O4@Au nanoparticles were used at 1.0
and approximately 1.2 mg  mL−1, respectively, in a neutral (i.e.,
pH 7.0) aqueous solution. LbL-fabricated nanoﬁlms containing up
to 10 Fe3O4@Au/PVS bilayers were assembled on quartz slides
for the UV–vis measurements and ﬁlms containing ﬁve bilayers
(Fe3O4@Au/PVS)5 were deposited onto ITO electrodes for the elec-
trochemical measurements. The numbers of layers were chosen
after observing the inﬂuence of number of layers to current, includ-
ing capacitive current and also potential values, according Fig. S1
in the supplementary information. The multilayers were deposited
by alternately immersing the ITO electrodes into the Fe3O4@Au
(polycationic) and PVS (polyanionic) solutions for 12 and 5 min,
respectively. After each layer was  deposited, the ﬁlms were washed
with Milli-Q  water and dried in nitrogen for 30 s.
2.5. Film characterization
Fourier transform infrared spectroscopy (FTIR) measurements
were performed using a Nicolet 470 Nexus spectrometer. The sam-
ples were prepared by depositing PVS, Fe3O4@Au NPs, and an
LbL-fabricated Fe3O4@Au/PVS ﬁlm onto cleaned silicon substrates.
The samples were dried under vacuum to remove the excess water.
2.6. Electrochemical measurements
All the electrochemical experiments were performed using a
PGSTAT40 Autolab electrochemical system (Eco Chemie, Utrecht,
The Netherlands) equipped with PGSTAT-12 and GPES software
(Eco Chemie, Utrecht, The Netherlands). The ITO-(Fe3O4@Au/PVS)5
electrodes were used as a working electrode. A 2-cm2 Pt foil and
an Ag/AgCl electrode saturated with 3 M KCl were used as the
auxiliary and reference electrodes, respectively, and were used
in all the experiments. The experiments were conducted in a
1 mM phosphate buffer solution (pH 7.4) at room temperature
(24 ± 1 ◦C). Cyclic voltammetry (CV) measurements were scanned
at 100 mV  s−1. Differential pulse voltammetry (DPV) was per-
formed in 25-mV steps and with 50-mV, 0.05-s pulses.
2.7. Effect of interferents on DA detection
The ability of the ITO-(Fe3O4@Au/PVS)5 ﬁlms to distinguish
between DA and common interferents such as AA and UA was
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Fig. 1. (a) TEM images of nanoparticle immobilized on LbL ﬁlms and (b) DLS measurements for Fe3O4@Au  NPs in suspension.
evaluated using DPV for various electrolyte solutions containing 4
to100 M DA and solutions containing 200 M of each interferent.
3. Results and discussion
3.1. Characterization of Fe3O4@Au satellite NPs and
Fe3O4@Au/PVS ﬁlm
The TEM images (Fig. 1a) of the Fe3O4@Au satellites NPs immo-
bilized on LbL ﬁlms show a size distribution with an average
diameter of 20 ± 2 nm,  which is consistent with the results of
the DLS measurements of the Fe3O4@Au satellites NPs suspension
(Fig. 1b). As we had expected, the images revealed gold nanoparti-
cles deposited on the Fe3O4 surface in satellite conﬁguration.
Supplementary information Fig. S2 shows the absorption spec-
tra for the Fe3O4 NPs, Fe3O4@Au NPs, and the supernatant
containing the excess Au NPs. The scattering observed in the spec-
trum for the Fe3O4 NPs (Fig. S2a) is typical for magnetite NPs and is
consistent with previous results described in the literature [31,32].
The spectrum for the Fe3O4@Au NPs (Fig. S2b) shows a scatter-
ing corresponding to the Fe3O4 NPs and a surface plasmon band at
∼540 nm corresponding to the Au NPs. Fig. S2c reveals the excess
of Au Nps was removed by centrifugation. The Fe3O4@Au/PVS
ﬁlm grown using LbL fabrication on the quartz substrate was also
monitored by UV–vis spectroscopy (inset of Fig. S2). The adsorp-
tion peaks indicate that the absorbance increased linearly with
the number of Fe3O4@Au/PVS bilayers. This behavior was also
observed for other LbL-fabricated ﬁlms containing polyelectrolytes
and nanoparticles [29,33].
FTIR spectra for PVS, Fe3O4@Au NPs, and Fe3O4@Au/PVS LbL-
fabricated ﬁlm can be found in the supplementary information
S3. The main bands attributed to the Fe3O4@Au/PVS clearly corre-
spond to the bands from each individual compound. Furthermore,
no signiﬁcant shift in the bands was observed between the spec-
tra for the Fe3O4@Au/PVS LbL-fabricated ﬁlm and the spectra for
each individual compound. The doublets at 1656 and 1594 cm−1
are characterized by C O stretching and by N H deformation/C N
stretching of amides inside the dendrimer from PAMAM G4 [34].
The bands at 1191 and 1047 cm−1 are ascribed to the vibration
modes of the sulfonic groups from the PVS. The bands of spinel-
structured iron oxides at appeared at 566 cm−1 corresponds to
Fe O deformation in octahedral and tetrahedral sites [35,36].
The crystalline structure of the synthesized Fe3O4@Au was also
characterized by XRD and can be found in the supporting informa-
tion as Fig. S4. The XRD pattern of Fe3O4@Au satellite nanoparticle
has low intensity in the peaks when compared to the crystalline
structure of Fe3O4 due the diffractions of the heavy atoms of gold
in the surface of this structure. The results showed Au Nps coat-
ing around the Fe3O4 NPs surface without altered their crystalline
structure, which is in accordance with the literature [37–39].
Electrochemical methods have been used to examine the redox
behavior of Fe3O4@Au NPs [40–42]. Cyclic voltammetry was  used
to evaluate the Au oxidation and their reduction to Au(0), as in the
following equation:
AuO + H+ + 2 e− → Au + H2O (1)
Fig. 2 compares the CVs showing oxidation/reduction behavior
for an LbL-fabricated ﬁlm containing ﬁve bilayers of Fe3O4@Au/PVS
NPs, Fe3O4/PVS, or Au NP/PVS grown on an ITO electrode. The mea-
surements were carried out in phosphate buffered saline (PBS)
solution. The scan was limited to the range from −0.1 to 1.5 V, where
the redox process of Au/AuO can be observed. The oxidation scans
in the CVs for the Fe3O4@Au/PVS NPs and Au NP/PVS show anodic
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Fig. 2. Cyclic voltammograms for 5-layer LbL-fabricated ﬁlms of (A) ITO-
(Fe3O4@Au/PVS)5, (B) ITO-(Fe3O4/PVS)5, and (C) ITO-(Au NP/PVS)5 grown on ITO
electrode immersed in PBS at pH 7.4. Scan rate: 100 mV  s−1.
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peaks at +1.1 V, and the reduction scans show weak cathodic peaks
at +0.55 V. The anodic peaks at +1.1 V are attributed to the elec-
trooxidation of Au metal to AuO in the Fe3O4@Au and Au NPs, and
the cathodic peaks at +0.55 V are attributed to the reverse process.
It is important to note that the charge attributed to the oxidation
of Au metal to AuO on the Au NPs increased compared to the same
oxidation on the Fe3O4@Au NPs. The latter resulted from the shape
of the satellite nanoparticle and the well-distributed Au NPs on
the Fe3O4 surface. Consequently, an ordinate oxidation/reduction
was expected, as observed in Fig. 2A, similar to that observed for
solid gold electrodes. The apparent formal potential of ca. +0.55 V
for the Au/AuO redox couple (i.e., the average of the anodic and
cathodic peak potentials) for the Fe3O4@Au NPs is reasonably con-
sistent with E0 = +0.37 V vs. Ag/AgCl, as previously reported for the
solid gold electrode [43]. The apparent formal potential for the Au
NPs is ca. +0.82 V, which is +0.27 V higher than that observed for
the Fe3O4@Au NPs.
The Au NPs on the shells of the Fe3O4@Au NPs act as catalytic
mediators and enhance the electron transfer in electrochemical
monitoring devices since the Fe3O4 NPs are not electroactive, as
shown in Fig. 2B. The surface concentration  , of the Au NP elec-
troactive species was calculated from the following equation [44]:
Ip = n
2F2vA
4RT
, (2)
where  represents the sweep rate, A represents the surface
area, and the other symbols have their usual meaning. The cal-
culated value was approximately 7.96 × 10−6 mol  cm−2 for the
ITO-(Fe3O4@Au NPs/PVS)5 electrode and 5.62 × 10−5 mol  cm−2 for
the ITO-(Au NPs/PVS)5 one. As expected, the concentration of the
electroactive Au NP species in the ITO-(Au NPs/PVS)5 ﬁlm was
higher than that calculated for the ITO-(Fe3O4@Au NP/PVS)5 elec-
trode since the Au NPs were conﬁgured in a shell in the latter.
3.2. DA detection
The electrocatalytic behavior of the bare ITO electrode and the
electrodes modiﬁed with ITO-(Fe3O4@Au/PVS)5, ITO-(Au NP/PVS)5,
or ITO-(Fe3O4/PVS)5 LbL-fabricated architectures toward DA oxi-
dation were studied to determine how the sensor architecture
affected the electrochemical detection of DA. Cyclic voltam-
mograms were measured for the electrodes immersed in a pH 7.4
phosphate buffer solution containing 50 M DA, as shown in Fig. 3.
As observed in Fig. 3, the potential value for the oxidation of DA
on the bare ITO electrode surface is 0.76 V, which is almost 0.46 V
less catalytic than that observed for the ITO-(Fe3O4@Au/PVS)5
satellite modiﬁed electrode (0.30 V). This behavior suggests that
the Fe3O4@Au satellite NPs act as a potential catalytic mediator
during DA oxidation. The current and oxidation potential depend
totally on the architecture of the LbL-fabricated ﬁlm. It is notewor-
thy that the CV for the ITO-(Fe3O4/PVS)5 architecture showed an
oxidation current of 15.7 A and an oxidation potential of 0.43 V.
However, this oxidation potential is attributed to the ITO sur-
face; the oxidation potential of DA was  observed at 0.76 V for
this architecture, the same potential as ITO surface. Supplemen-
tary information Fig. S5 shows a cyclic voltammogram used to
detect DA at a different concentrations using the ITO-(Fe3O4/PVS)5
architecture in order to elucidate this behavior. Although the ITO-
(Au NP/PVS)5 architecture contained a higher concentration of the
electroactive species, the oxidation potential of DA was  measured
as 0.54 V. The performance of the ITO-(Fe3O4@Au/PVS)5 architec-
ture was  better than that of the ITO-(Au NP/PVS)5 architecture
possibly because of the favorable structural organization, as a syn-
ergetic effect of the Au NPs on the surface of the Fe3O4@Au  satellite
nanoparticles.
The cyclic voltammograms for the 5-bilayer ITO-
(Fe3O4@Au/PVS)5 ﬁlm were measured at various scan rates
and each exhibited one peak associated with an oxidation electro-
chemical process at 0.30 V (vs. Ag/AgCl), which is attributed to DA
oxidation (supplementary information, Fig. S6). The reversibility
of the DA electrochemical process on the ITO-(Fe3O4@Au/PVS)5
electrode was determined using the well-known concept of
electrochemical reversibility [45]. Fig. S6 shows that an ITO-
(Fe3O4@Au/PVS)5 electrode exhibits a DA oxidation current which
increased linearly with the increase of the scan rate, suggest-
ing that the electrochemical reaction of ITO-(Fe3O4@Au/PVS)5
electrode is a surface controlled, indicating a reaction governed
by adsorption process, where those particles contribute to a
faster charge transfer mechanism [46,47]. Alencar et al. observed
the same behavior for a 15-bilayer PAH/NiTsPc system [48]. In
contrast, Do Pung et al. [49] observed that the DA oxidation
peak currents for naﬁon/single-wall carbon nanotube/poly(3-
methylthiophene) glassy carbon electrodes linearly increased with
the square root of the scan rate, suggesting that the electrooxida-
tion of DA was  not a surface-controlled but a diffusion-controlled
process. It is important to emphasize that the behavior shown in
ITO-(Fe3O4@Au/PVS)5 architecture indicating more stability and
reproducibility compared to the other two architecture sensors.
Such stability originates from the core–shell nanoparticles, well-
distributed throughout the electrode surface. Those characteristics
were attributed to the synergistic effect promoted when Fe3O4
particles were combined with Au NP in a synthesis process,
improving the catalytic performance of the sensor, creating a
high catalytic materials because of the high electrocatalytic area
produced by the Au NP around Fe3O4 particles, which is much
higher than found in either nanoparticle only system.
The performance of the ITO-(Fe3O4@Au/PVS)5 sensors was
further studied for various concentrations of DA. The cal-
ibration curve for the ITO-(Fe3O4@Au/PVS)5 sensors shown
in Fig. 4 indicate the responses of the sensors to various
concentrations of DA.
The oxidation currents measured at 0.30 V were used to
obtain a typical analytical calibration graph for an optimized ITO-
(Fe3O4@Au/PVS)5 sensor from DA concentrations. A linear behavior
with a correlation coefﬁcient (R) = 0.9940 was  obtained for the con-
centration range from 4 to 100 M DA. The sensitivity of the sensor
was determined from the slope of the regression line and was  found
to be 3.94 × 10−8 A M−1 as shown in Fig. 4. The detection limits
of 4. 65 × 10−8 M was  estimated using 3 /b ratio, where  is the
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Table  1
Operational kinetics parameters obtained for LbL-modiﬁed electrodes used to electrochemically detect DA.
Sensor architecture Method Concentration range (mmol L−1) LD (mol L−1) Reference
ITO-(Fe3O4@Au/PVS)5 DPV 4 to 100 × 10−3 4.65 × 10−8 This work
ITO-(PANI-PA/CG)6 CV 0.01–0.23 1.5 × 10−8 [51]
ITO-(PAH/Ch gum/PAH/NiTsPcb)5 CV 0.3–250 1.05 × 10−5 [52]
ITO-([PAMAM–MWCNTs]c/NiTsPc)3 CV 2.5 × 10−3 to 24 5.4 × 10−7 [53]
GCEd/MWCNTs-(naﬁon/[PVI-dmeOs]e)3 DPV 1.0 × 10−4 to 0.01 5.0 × 10−8 [54]
GCE-poly(ﬂavin adenine dinucleotide) CV 2.5 × 10−6 to 4.0 × 10−5 5.0 × 10−9 [55]
ITO modiﬁed with LB ﬁlm of (PANI/Rupyg)21 CV 0.04 to 1.2 4.0 × 10−5 [15]
GCE-(LiTCNE/PLL)h membrane DPV 1.0 × 10−5 to 0.01 5.0 × 10−10 [56]
standard deviation calculated from 10 blank samples and b refers
to the slope of the calibration curve, according to the IUPAC
recommendations [50]. The sensitivities and detection limit are
lower than those obtained by Qiu et al. [31], who used ferrocene-
modiﬁed Fe3O4@Au magnetic NPs to detect DA at concentrations
ranging from 2 to 92 M with a detection limit of 0.64 M.
The quantiﬁcation limit values of the sensor was  also calculated
as 15.5 × 10−8 M.  Table 1 show the efﬁciency of our Fe3O4@Au
as a catalytic layer in a LbL sensor to improve the sensitivity
of dopamine detection compared those observed for some LbL-
fabricated DA sensor architectures previously reported in the
literature.
The sensitivity of the ITO-(Fe3O4@Au/PVS)5-based sen-
sors is lower than those exhibited by other DA sensors
described in literature, as shown in Table 1. The sensitivities
of our sensor ITO-(Fe3O4@Au/PVS)5 is comparable with ITO-
([PAMAM–MWCNTs]/c/NiTsPc)3 LbL-fabricated sensor developed
by Siqueira Jr. [53], which requires the manipulation of a nanotubes
and phthalocyanines. The DA concentration detection range and
the detection limit (LD) for the LbL-fabricated electrode in this
study were ca. 105 and 102 times lower, respectively, than those
for similar LbL-fabricated electrodes. A schematic representation
of an ITO-(Fe3O4@Au/PVS)5 LbL-fabricated sensor is shown in
Fig. 5. Herein, we suggest that the DA oxidized on the surface
of the ITO-(Fe3O4@Au/PVS)5 electrode and the Au NPs act as a
catalytic mediator for electron transfer whereby electrons can be
transferred to the electrode, enabling electrochemical reactions
to occur. Moreover, the electrons are easily transferred in the
LbL-fabricated ﬁlm because of the gold in shell satellite array
formation. The development of such modiﬁed surfaces with highly
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Fig. 4. DPVs for the calibration curve corresponding to ITO-(Fe3O4@Au/PVS)5 sensor
immersed in DA solution from 4 to 100 M in PBS at pH 7.4. Scan rate: 100 mV  s−1.
catalytic species is paramount in using an efﬁcient transducer for
biosensor applications.
3.3. Potential interferents during DA detection
The detection of DA in biological samples can be inhibited by
a number of interfering chemical species. The most notable of
these include AA and UA, which are particularly troublesome for
the electrochemical detection of DA since they oxidize at about
the same potential as DA. In this study, we showed that an ITO-
(Fe3O4@Au/PVS)5 LbL-fabricated ﬁlm could be used as a catalytic
modiﬁed surface to signiﬁcantly reduce the interference of AA
and UA during the detection of DA. Fig. 6 shows the calibration
curves of various concentrations of DA in 200 M AA (Fig. 6A) and
in 200 M UA (Fig. 6B) with an ITO-(Fe3O4@Au/PVS)5-modiﬁed
electrode. The same study was  conducted using ITO-(Fe3O4/PVS)5
and ITO-(Au/PVS)5 electrodes, and the results are presented in the
supplementary information (Figs. S7 and S8, respectively). It is evi-
dent that the Fe3O4@Au satellite structures separated the oxidation
potential of the DA from those of the AA and UA, as observed in the
inset of Fig. 6A and B.
Differential pulse voltammetry (DPV) was performed for mix-
tures of AA and DA and of UA and DA to simultaneously detect
these species when the concentration of one changed while that
of the other remained constant as well as the linear relation-
ship of peak current with concentration for DA in the presence of
AA and UA to observe the sensitivity of the sensor against those
molecules. As shown in Fig. 6A, two anodic peaks corresponding to
the oxidation of DA and AA are observed at 0.30 and 0.50 V, respec-
tively. The oxidation peak current associated with the DA molecules
linearly increases with their concentration, indicating that the ITO-
(Fe3O4@Au/PVS)5 sensor exhibits efﬁcient electrocatalytic activity.
For the binary mixture of DA and UA (Fig. 6B), the oxidation peak of
uric acid is at 0.69 V while DA still be at 0.30 V. In addition, to better
Fig. 5. Schematic representation of electron transfer in ITO-(Fe3O4@Au/PVS)5 LbL-
fabricated electrode.
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Fig. 6. DPVs calibration curves for ITO-(Fe3O4@Au/PVS)5 sensor measured at 200 M of AA (A) from 4 to 50 M of DA and 200 M UA (B) from 4 to 100 M of DA and the
DPVs  curves for DA detection in the presence of AA and UA in each binary solution (inset of each ﬁgure). PBS at pH 7.4. Scan rate: 100 mV s−1.
understand the selectivity of the sensor a linear relationship of DA
concentration and current in the presence of AA and UA was plotted
as shown in Fig. 6. The results from slope of the analytical curve of
each curve proves that the ITO-(Fe3O4@Au/PVS)5 sensor developed
herein was selectivity for AA and UA in a binary combination with
DA. The sensitivity of the sensor was determined from the slope
of the regression line and was found to be 3.94 × 10−8 A M−1. The
sensitivity values of the sensor in the DA detection with AA and UA
were found to be 3.57 × 10−8 A M−1 and 3.88 × 10−8 A M−1, respec-
tively. These values were closed to the sensitivity values obtained
by the analytical curve from DA system only, which means that our
ITO-(Fe3O4@Au/PVS)5 sensor is statistically capable to detect DA
without high inﬂuence of AA and UA in a binary solution.
The comparison for the ITO-(Fe3O4/PVS)5 and ITO-(Au/PVS)5
sensors is given in the supporting information. The biosensor could
detect DA at its lowest concentration when the concentration of
either AA or UA was 20 times more concentrated than that of the
DA in the sample. Due to the complexity of real systems, especially
blood samples, the selectivity of the ITO-(Fe3O4@Au/PVS)5 sensor
signal can be improved by statistic tools to separate DA and AA or
UA peaks by ﬁtting multi-peaks as shown in Fig. S9 in the supporting
information. It is an alternative method to improve the selectivity
of the sensor is combine statistic tools with a sensor.
4. Conclusion
An ITO-(Fe3O4@Au/PVS)5 sensor fabricated with alternating
architectural layers showed an oxidation potential of 0.30 V for
DA, which is lower than those for other similarly fabricated sen-
sors. This result is due to the fact that Au NPs oxidized on the
surface of the Fe3O4 NPs thereby becoming a catalytic mediator
during DA oxidation. Another important result is that the sensor
exhibits high sensitivity to DA in comparison to possible interferent
molecules including ascorbic acid and uric acid. The Fe3O4@Au NPs
offer the possibility of modifying electrodes with other materials
such as graphene and for improving the electrocatalytic properties
to detect electroactive substances.
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